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ABSTRACT
Condensation of water vapor on various surfaces was studied
experimentally.

It was found that supersaturations as high as 25%

were required to initiate condensation on hydrophobic surfaces.

The

supersaturation data agreed qualitatively with the Volmer theory of
heterogeneous nucleation.
was found to be small.

The influence of adsorption of water vapor

Surface roughness caused a little reduction

in the critical supersaturation.
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I.
A.

INTRODUCTION

Condensation
The transformation of vapor into the liquid phase is called

condensation.

The mechanism of condensation is especially important

in the atmospheric sciences.

For the purpose of understanding and

possibly promoting or retarding many natural phenomena such as cloud
formation, rain, fog, mist, etc., one has to study the process of
condensation in detail.

It is known that these natural phenomena are

initiated by condensation of water vapor on
in the atmosphere.

ce~tain

suspended particles

However, much remains to be known about the

surface characteristics of these particles and the environmental
conditions required for condensation.

The process of condensation

is also important in many industrial applications, and in consumer
products such as refrigeration and air conditioning systems.
The initial stage of the condensation process is called
nucleation, whereby the first embryos or nuclei of the new liquid
phase start forming.

Nucleation is said to be heterogeneous if it

occurs around foreign particles or ions suspended in the parent phase
or on the surfaces exposed to the parent phase.

When the nucleation

takes place in the parent phase itself, the process is said to be
homogeneous nucleation.
B.

Aim of the Present Investigation
Before stating the aims, a few related definitions are presented

here.

The degree of supersaturation, S, of a vapor at a temperature,

T, is expressed as

2

S

= [p/p (T) - 1]

(1)

00

Here p is the pressure of the vapor and p (T) is the pressure which
00

the vapor would develop if it were in equilibrium with a flat liquid
surface at temperature, T.

The critical supersaturation, Sc, is

defined as the minimum supersaturation required to initiate nucleation
of the vapor.

In the classical nucleation theory it is assumed that

during the nucleation of vapor on solid plane surfaces, tiny cap-shape
liquid embryos are formed (see figure 1).

The angle which the liquid

makes with the substrate is called the contact angle, e, of the
system.

The surfaces which exhibit high contact angle with water are

termed hydrophobic, and those which exhibit low contact angle are said
to be easily wettable and are called hydrophilic surfaces.

The

present investigation has been carried out with the following
objectives:
1.

To investigate experimentally whether hydrophobic surfaces are
condensed upon at a definite critical supersaturation, or whether
instead it occurs at arbitrary supersaturation, irrespective of
the hydrophobicity of the surfaces

2.

To find a set of data to relate the critical supersaturation and
the contact angle if the first objective is positive

3.

To find experimentally whether adsorption of water vapor on the
surface affects condensation

4.

To find experimentally and analytically the effect of surface
roughness on nucleation

3

c

Figure 1.

A cap shape embryo of liquid, L, on a plane solid surface,
C. V: vapor phase, e: contact angle, a: interfacial
energy

4

The above objectives were undertaken mainly to serve the
following overall objective:

to determine whether all or some of

the water-insoluble particles suspended in the atmosphere are
potential cloud forming nuclei.
In the next section, the classical theory of heterogeneous
nucleation will be reviewed briefly, for the purpose of introducing
the parameters involved in nucleation.
C.

The Volmer Theory
This theory was developed by Volmer and Heber [1] in 1926 and

was improved later by Becker and Doring [2] in 1935.
has provided a derivation of the theory in detail.

Fletcher [3]
Since only the

final expressions obtained from the theory are of interest in this
investigation, these are given below.
The theory uses classical thermodynamics and the kinetic theory
of gases to determine the energy required for nucleation and the rate
of nucleation.

The analysis leads to the following relation between

the critical supersaturation, Sc, and the contact angle, 8, [3]:

2
1 n ( 1+Sc)
=

3
16noLV
f(m)
2
3(nlkT) 6Gc

(2)

f(m) = (m 3 - 3m + 2)/4

where

m = case
Here

0 LV

is the interfacial free energy between the liquid phase and

the vapor phase, as shown in figure 1.

The number of molecules per

5

unit volume of the liquid is designated by nL, while k denotes
Boltzmann's constant.

The critical free energy of formation, 6Gc,

is determined from the following expression which involves the
nucleation rate, J:
J = B exp (-6G /kT)
c

(3)

Here B is the kinetic coefficient, which is taken to be 10 25 cm- 2
sec- 1 [3].

Although B depends on temperature and pressure of the

vapor and density of monomer on the surface; the value of B changes
by only a factor of two over the range of present investigation,
which is a small uncertainty in comparison with the uncertainty in

J.

To estimate J, one must estimate what nucleation rate represents

visible fogging of the target. Twomey [4] estimated visible fogging
to correspond to J between 10 3 and 10 7 em -2 sec -1 • f1oreover, a range
of J between 1 and 10 8 does not affectS very much as will be shown
c

in figure 7.
In the last fifteen years only a few experimental investigations
on heterogeneous nucleation have been reported.
results are contradictory.

In some cases the

The methods used in some of these

investigations are also controversial.

That an improved and more

reliable experimental procedure is required, will be evident from the
following brief review of these investigations .
D.

Previous Investigations

1.

Twomey, 1959
The experiment conducted by Twomey [4] appears to be the earliest

recorded test of the Volmer theory.

He used a chemical diffusion

chamber to develop supersaturations over plastic surfaces.

In his

6

chemical diffusion chamber HCl vapor and water vapor diffuse
isothermally in a space between two horizontal flat surfaces, the top
surface being wet with water and the bottom one consisting of a
concentrated solution of HCl in water.

The pressures of both the

water vapor and the HCl vapor become linearly distributed in the
vertical direction.

However, the equilibrium water vapor pressure

over the HCl solution is a nonlinear function of HCl concentration.
This gives rise to supersaturation of water vapor in the chemical
diffusion chamber.
Twomey used the side-wall surface of his chamber as the
condensation site.

His results agreed well with the Volmer theory,

i.e. equation (2).

Unfortunately, the supersaturation at the wall is

somewhat unpredictable; because the wall is susceptible to the
temperature variations of the surroundings.

Another shortcoming has

been discussed by Fletcher [3]; namely, the possibility that the
efficiency of nuclei could have been altered by the HCl acid which
was used in the chamber.
2.

Koutsky et

~,

Thus Twomey's work was followed by others.

1965

In the experimental investigation by Koutsky et

~

[5], the

supersaturation was produced by introducing almost saturated vapor
into a region containing a specimen held on top of a cold finger, which
was insulated by glass.

Their results did not quite agree with the

Volmer theory, and thus the conclusion of Twomey and that of Koutsky
et

~were

contradictory.

The procedure followed by Koutsky et

~left

no room for chemical

reaction; but the possibility of vapor depletion due to condensation

7

on the glass surface, which was in contact with the cold finger, could
not be ruled out.

Thus, values of vapor pressure and supersaturation

lower than the estimated values may have prevailed over the specimen.
3.

Jiusto and Kocmond, 1968
Jiusto and Kocmond [6] used a thermal diffusion chamber to

measure the critical supersaturation of aerosol samples, having known
average particle size, and supposedly consisting of only Agi nuclei in
one experiment and wax nuclei in another.

They found that virtually

zero supersaturation was required to grow water droplets on their test
aerosols.

This is in apparent contradiction to the Volmer theory;

because bulk samples of Agi and wax exhibit large contact angle with
water, and the theory predicts a high critical supersaturation for such
substances.
Perhaps the weakest part of their experiment is that they do not
compare the concentrations of the Agi or wax nuclei to the concentrations of the observed water droplets.

It may well be that the water

droplets were due to condensation on a secondary aerosol, whose
presence they were unaware of.

The conclusion reached by Jiusto and

Kocmond, however, was that adsorption and surface roughness negate the
effect of contact angle, so that real surfaces behave as if they were
perfectly wettable.
4.

Van der Hage, 1972
Van der Hage [7] studied condensation on ribbon surfaces placed

inside a thermal diffusion chamber.

The ribbons were rinsed with

water by shaking the chamber vigorously; and then the chamber was
tilted so that the water drops fell off the ribbons, leaving the ribbon

8

surface apparently dry.

Condensation was reported to have started

immediately after the above

11

drying 11 procedure.

This led to the

conclusion that irrespective of the hydrophobicity of the surfaces,
condensation occurs at supersaturations well below 1%.
Contrary to the above interpretation, the results can also be
explained in terms of water retained in microscopic pits or imperfections on the surface.

Turnbull [8] has presented an analysis which

indicates that once a surface is wet, it can retain nucleating embryos
in the micro-cavities even in a subsaturated environment.

These

embryos then act as condensation nuclei as soon as a slight supersaturation is imposed on the surface.

It therefore seems likely that

the observations by Van der Hage are due to retained water in these
pits.
5.

Isaka, 1972
Ice nucleation on plastic substrates was studied by Isaka [9].

The technique of producing supersaturation was similar to that used by
Bryant et

~

[10], that is, localized cooling of a small solid surface

in the environment of known humidity.

The results of Isaka agreed

qualitatively with the Volmer theory.
Isaka reported a temperature variation of 3 C in the chamber air
from top to bottom.

This could introduce error in estimating the

developed supersaturation.

Since the source of water vapor was a wet

sponge that was subjected to the same temperature variation, the
equilibrium pressure of the vapor would not be constant inside the
chamber.

To achieve uniformity in the vapor pressure, a circulating

fan was used.

Whether this circulation would produce the required

uniformity, is quite uncertain.

9

The apparatus used for the present investigation is a thermal
diffusion chamber.

One of the main advantages of this chamber is

that for a given accuracy of temperature control, the error limits
on supersaturation is about one-twentyfourth of that in the type of
chamber used by Koutsky et al
in appendix D.

[5] or by Isaka [9].

This is shown

10

II.
A.

EXPERIMENTAL APPARATUS --THE THERMAL DIFFUSION CHAMBER

Working Principle
A horizontal thermal diffusion chamber was designed and built to

meet the requirements of the present investigation.
requirements were:

The two major

1) to develop a wide range of supersaturations,

and 2) to subject the test surface to an accurately predictable and
fairly uniform supersaturation.
The chamber consisted of a cylindrical space, enclosed by two
horizontal circular plates and by a cylindrical side wall.

The

temperature of the top plate was higher than that of the bottom one.
The top and the bottom surfaces were kept wet with water.

With this

preliminary description, the working principle of the chamber can
be discussed.
Let the temperatures of the hot and the cold plates be denoted
by Th and Tc, respectively.

The corresponding vapor pressures on the

plates are ph and pc' which are the equilibrium vapor pressures of
water at Th and Tc, respectively.

Under these boundary conditions,

heat conduction and vapor diffusion give rise to linear distribution
of temperature and pressure, respectively, at the central region of
the chamber.

This situation results in a supersaturation; because the

equilibrium vapor pressure is a nonlinear function of temperature.
The values of supersaturation are easily calculated by consulting
published data [11] on the equilibrium vapor pressure of water.
Departures from the above situation due to the temperature
dependence of diffusion coefficient and due to the phenomenon of

11

thermal diffusion have been studied by Fitzerald [12], and are found
to be negligible for the small temperature gradients that exist in the
present chamber.

As to the side wall temperature effect, Elliot [13]

has shown that if the chamber is so constructed that its diameter is
greater than seven and a half times its height, the wall effect
becomes insignificant at the center of the chamber.

The present

chamber meets this requirement.
In part A of figure 2 the linear distributions of T and p are
shown schematically in the space, H, between the plates.

Also shown

in the figure is the nonlinear equilibrium vapor pressure, p (T),
00

corresponding to the local temperature, T.

As p (T) is less than p,
00

a supersaturated environment is developed in the chamber.

The

maximum supersaturation, Sd' is developed very near the midlevel of
the chamber [12].

The value of Sd is given by
(4)

where

Pd

=

(pc + ph)/ 2

Td

=

(Tc + Th)/2

The subscript, d, signifies midlevel.
B.

Supersaturation near Test Surface
Condensation on the surface of the specimen (hereafter called the

target) is of prime interest in this investigation.

Therefore, the

supersaturation to which the target is subjected will now be analyzed.
As shown in part B of figure 2, a disc shaped target is suspended at
the midlevel of the chamber.

Since the target is subjected to a

12

(B)

z

~-----~T

p

Figure 2.

(A)

A) Temperature and vapor pressure profiles in the
diffusion chamber. B) Target
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surrounding which has nonuniform temperature from the top edge, a, to
the bottom edge, b, one may expect temperature nonuniformity in the
target itself.

However, an analysis in appendix A indicates that the

temperatures of the top and the bottom edges deviate from the midlevel
temperature by only 0.00087 (Th- Tc).

As (Th - Tc)

<

25 C in the

present investigation, the deviation is less than 0.03 C.

Since a

0.03 C dew point depression corresponds to only about 0.18% supersaturation, the nonuniformity of target temperature can be neglected, and
the target temperature can be assumed to be at uniform temperature, Td.
In part A of figure 2 the target temperature is represented by the
a-d-b line superimposed on the temperature profile of the water vapor.
From this it is clear that the target experiences maximum vapor pressure
and hence a maximum supersaturation on the upper edge, a.

The super-

saturation, S , near this edge is given by
a

(5)

where

e

= (target diameter)/(chamber height)

The variation of Sa with respect to the temperature difference,
(Th- Tc)' is illustrated in figure 3 by the solid curves.

Three

curves drawn with different values of e indicate that Sa is higher for
the bigger targets.

The dotted curve in figure 3 represents Sd' given

by equation (4), and is equivalent to Sa with e

=

0.

For the purpose

of knowing at what supersaturation nucleation occurs on the target, it
is desirable to minimize nonuniformity of supersaturation on the target.
Thus, targets of smaller dimension were chosen.

A lower limit on

target size is, however, set by the necessary ease in handling and

14
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observation of the targets.

The targets used in this investigation

were typically 6 mm in diameter and 1 mm thick.
C.

Large Chamber Height and Convection Currents
Since a 6 mm diameter target was chosen, the requirement of

rather uniform supersaturation around the target results in choosing
a chamber height of 10 em.
difficulties.

This, however, leads to convection current

Elliot [13] has pointed out that the chambers with

height larger than 1.5 em were found to have toroidal circulation,
that is, rising motion along the walls and sinking motion at the center.
These kinds of convection currents are possible when the side wall
temperature is the same as the hot plate temperature.

Such convection

currents are undesirable, because they make supersaturation predictions
difficult.

Thus, it is necessary to eliminate or minimize the convec-

tion currents.

For this purpose the side wall of the chamber was

specially designed.
D.

Side Wall Design
Convection currents can be avoided if the wall temperature is

made to vary linearly in the vertical direction in such a way that the
wall temperature exactly equals the ideal air temperature distribution.
This technique has been successfully employed by Gagin and Terliuc [14]
for a small chamber and by Klaar [15] for a large chamber.

On this

basis the side wall temperature was made linear by insulating the side
wall.

To achieve a reasonable insulating effect, the heat loss through

the wall insulation was minimized to be about 3% of the heat conducted

16

vertically by the wall.

The experimental apparatus with the specially

designed side wall is shown in figure 4.
thick Plexiglas.

The side wall was made of 3 mm

A layer of 15.5 em thick fiberglas (K

was used as wall insulation.

=

0.037 kcal/m C)

The interior of the Plexiglas wall was

lined with 10 layers of 0.025 mm thick aluminum foil.

The lining

provided a good thermal path in the vertical direction, whereas the
fiberglas insulation formed a poor thermal path in the horizontal
direction.
There was good thermal contact between the Plexiglas wall and the
bottom plate, because a fillet of silicone rubber held them together
and a thin layer of water always remained on the bottom surface.

Since

the top plate had to be removable for opening and closing of the
chamber, an alternate method was needed to achieve good temperature
control of the top edge of the side wall.

The method used consisted

of attaching a heating tube to the upper edge of the Plexiglas wall
using again a large fillet of silicone rubber (see figure 4).
was circulated through the tube to control its temperature.

Water
After all

these measures were taken, the side wall temperature was found to be
linear within 0.2 C in the operating range of the chamber.
E.

Construction of the Chamber
The top and the bottom plates were made of aluminum, 2.54 em (1

thick and 107 em in diameter (see figure 4).

11

)

The plate temperatures

were controlled by water passages, formed by pressing 9.4 mm diameter
copper tubing into grooves, which were machined into the outer surfaces
of the plates.

Two water baths of 22 and 550 liter capacity were used

17
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Experimental apparatus -- the thermal diffusion chamber
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for the top and the bottom plates, respectively.

The temperature of

the smaller bath could be varied by thermostatic control.
bath was maintained at room temperature.

The larger

The wall heating tube was

supplied with hot water from a third water bath of 14 liter capacity.
The temperature of this bath was controlled manually by a heater,
connected through a variable autotransformer, so as to maintain the
temperature of the top of the wall at Th.

The exterior of the top and

the bottom plates had a 1 em thick layer of insulation (K

=

0.09

kcal/m C), which reduced heat transfer with the surroundings.
The inside surfaces of the top and the bottom plates were covered
with two pieces of water-soaked cloth.

The top cloth was continually

supplied with distilled water by a network of 1 mm diameter plastic
tubes having punctured pinholes at 5 em intervals.
sandwiched between the plate and the cloth.

The tubes were

Water was forced into

these tubes by a small peristaltic pump, equipped with a variable speed
motor.

The chamber rested horizontally on three adjustable levelling

supports.
F.

Temperature Measurements
Thermocouples made of copper and constantan wires (0.25 mm

diameter) were used to measure the temperatures of the chamber.

The

top and the bottom inside surfaces had four such thermocouples each.
In addition, a target suspension thermocouple wire was used to measure
air temperature (see figure 4).

Three other thermocouples were

employed to check the linearity of temperature of the interior of the
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side wall.

A digital voltmeter (Keithly model 160) was used for

measuring the thermocouple voltages.

It could read with a resolution

of one microvolt.
G.

Illumination and Detection System
A low power laser (Spectra Physics-132, 3 milliwatt, helium-neon),

equipped with a beam expander (25x) was used to illuminate the target
and other parts of the chamber.

The beam could be directed perpendicu-

larly to the target surface through a side wall window.

A catheto-

meter telescope (lOx) was used for observing the target through another
side wall window.

The earliest stage of condensation could be detected

by visually observing the fogging of the originally transparent target.
H.

Chamber Performance

1.

Temperature Control
A typical set of thermocouple readings is shown in table I.

Voltages for both the straight and the reverse polarities of the
thermocouples were recorded to avoid any error introduced by the zero
drifting of the voltmeter.
the cold plate.

The reference junction was at the center of

Thermocouples 1 through 3 were on the cold plate,

4 through 7 were on the hot plate, and 8 was located in air at the
midlevel of the chamber.

The temperatures of both the hot and the cold

plates were found to be uniform within 0.1 C (0.041 millivolt= 1 C).
From the readings of thermocouple 8, one can see that the air temperature at the midlevel was within 0.05 C of the linear theoretical
temperature.
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Table I.

A typical set of thermocouple readings for the
thermal diffusion chamber

Reference:

cold plate center

thermocouples

cold
plate

hot
plate

midlevel
air

straight
polarity
P, mV

reverse
polarity
Q, mV

true
value
(P-Q)/2

1

-.004

-.002

-.001

2

-.003

-.003

.000

3

-.003

-.003

.000

4

+.313

-.320

+.317

5

+.313

-.320

+.317

6

+.316

-.323

+.320

7

+.315

-.323

+.319

8

+.156

-.162

+.159
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The performance characteristics of the chamber for a range of
temperature difference are illustrated in figure 5.

The wall

temperature was within 0.2 C of the ideal linear temperature (shown
by the straight lines), and the air temperature differed from the
linear one by less than 0.1 C in the whole range of operation.

The

relative error in supersaturation, Sa, due to the error in temperature
measurement and other factors is analyzed in Appendix D.
To check the heating effect of the laser beam, the temperature
rise sensed by the target suspension thermocouple due to illumination
was recorded.
2.

The rise was about 0.025 C, which is negligibly small.

Tests for Convection Currents
As reported in the previous section, the side wall temperature

distribution in the vertical direction was almost linear.
minimize convection currents.

This should

Two tests ascertained the absence of

such currents.
a.

Smoke test.--Smoke puffs were introduced into the chamber and

were observed for any motion.

No motion signifying convection currents

were observed.
b.

Falling water droplet test.--Room air was introduced into the

chamber, and condensation occurred on the nuclei of the room air
sample.

The gravitational fall of the resulting water droplets was

observed through the cathetometer telescope, which was fitted with a
protractor eyepiece.

The droplets were found to fall vertically down

everywhere in the chamber.

No horizontal drift could be detected.

The droplets were in the field of view of the telescope for 0.5 to 2
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seconds; thus, any horizontal drifts would have been detected.
Therefore, these tests ascertained the absence of convection currents.
I.

Unsteady Supersaturation
So far the steady state operation of the chamber has been

discussed.

However, a convenient experimental procedure is to slowly

increase the supersaturation at the target by using a finite rate of
rise of the top plate temperature.

The finite rate of rise may lead

to a lag in temperature and vapor pressure.

An analysis of this lag

in temperature and pressure is presented in appendix B.

Using a top

plate temperature rise rate of 0.15 C/minute (i.e. target temperature
rise rate of 0.075 C/minute), the maximum values of lag in the
temperature and the pressure were found to be 0.071 C and 0.178 mb,
respectively.

These lags give rise to an unsteady supersaturation,

which is only slightly different from its steady-state value.

For

example, when the temperature difference, (Th- Tc)' is 20 C, which
corresponds to a steady midlevel supersaturation of 13.8%, the maximum
lead of the unsteady supersaturation of the water vapor from the steady
value is about 0.11% supersaturation.

Further analysis in appendix C

indicates that the target temperature lags behind the surrounding air
temperature; but this effect is likewise shown to be small.
Thus, it can be concluded that the 0.15 C/minute rate of rise of
Th is small enough for considering the operation of the chamber steady.

24

III.
A.

EXPERIMENT

Surfaces
The targets used in the experiment were cleaned first by soap

water to get rid of grease and oily substances.

Then they were cleaned

with a commercial glass cleaner and \'Jere rinsed with distilled water.
Finally, the targets were dried by a clean dry jet of bottled air for
about ten minutes.

Only the glass targets were given further cleaning

treatment, which will be discussed later.
1.

Contact Angle Measurements
After the surfaces were prepared, the next stage was to measure

the contact angle of water on the test surfaces.

A small drop of

distilled water having a volume of about 5 mm 3 was placed on the test
surface by means of a thin needle, attached to a syringe.
is often called a sessile drop.

Such a drop

As shown in figure 1, the sessile

drop takes the shape of a spherical segment.

The contact angle was

measured by means of the cathetometer telescope, which had an object
distance of 30 em to 2 meters.

The telescope was levelled with the

horizontal plane of the test surface and was rotated about a vertical
axis, until one of the radial lines of the protractor eyepiece was
found to be tangent to the surface of the sessile drop (see figure 1).
The accuracy of such measurements was about ±1 degree.
measured on both sides of the sessile drop.

Usually, e was

The contact angle thus

measured is the advancing one, since the sessile drop periphery
advances on the substrate during the drop formation.

In most cases

the receding contact angle was next measured by removing some water
from the sessile drop and then repeating the above procedure.
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2.

Effects of Contaminants
White [18] has found that the contact angle depends on the degree

of adsorbed contamination on the substrate.

Following his suggestions,

the glass target was heated in an oven at 475 C for thirty minutes
after the preliminary cleaning, as described earlier.

The heating

acted as decontaminating process, which presumably removed the adsorbed
organic contaminants like oil vapor.

After cooling the target to room

temperature, the contact angle on the glass was measured and found to
be 5 degrees.

However, after the glass was exposed to room air for

several hours, the contact angle was found to increase; presumably
because organic vapors in the room air were adsorbed by the glass
surface.

Figure 6 illustrates how the contact angle was found to vary

with time.

Thus, the glass target could be conveniently used to obtain

data for a range of contact angles between 5 and 20 degrees.
B.

Experimental Procedure
After the measurement of contact angle on a target, the target

was rinsed with distilled water and dried by a jet of clean, dry
bottled air.

The target was then ready for an experimental run.

For

each target the following procedure was adopted:
1.

To start with, the chamber was open and the top and the bottom
plates were maintained at the room temperature.

The cloth-covered

top surface of the chamber was then wetted by means of the wetting
mechanism on the top plate, and the bottom surface was wetted by
an auxiliary compressed air water sprayer.
2.

The prepared target was suspended from the suspension thermocouple
wire at the center of the chamber.
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3.

The top plate was lowered by means of a winch to close the chamber.

4.

The chamber was then flushed with clean, dry bottled air for about
fifteen minutes in order that the air inside the chamber would be
free of condensation nuclei.

5.

The target suspension thermocouple wire was then manipulated so as
to place the center of the target exactly at the midlevel of the
chamber.

This was done by means of the cathetometer, which could

indicate the vertical position of the telescope with a resolution
of 0.01 mm.
6.

The insulation for the side wall was then placed in position.

7.

Next, the top plate temperature was raised at a rate of 0.15
C/minute for ten minutes and then held constant for the next five
minutes.

This cycle of raising and holding the temperature was

then continued.

Simultaneously, the temperature of the wall

heating tube, attached to the top of the chamber side wall, was
raised in a manner that was predetermined so as to assure a linear
wall temperature.
8.

The target was kept illuminated by the laser beam and was viewed
through the cathetometer telescope almost continually.

9.

Whenever visual fogging of the target was detected, the temperature
difference between the plates was recorded and the experimental
run was terminated.

The top part of the target was found to have

the first visible fogging.

This is in support of an earlier

conclusion, that the top part of the target is subjected to a
higher supersaturation than the lower parts.

The critical super-

saturation was then obtained from the graph corresponding to
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e

=

0.06 in figure 3.

Thus, the experimental run resulted in a

value of critical supersaturation corresponding to the contact
angle of the target used.
10.

A set of such experimental data was obtained by repeating the
above procedures for each target exhibiting a different contact
angle.

29

IV.
A.

RESULTS

Experimental Data
Table II gives the measured advancing and receding contact angles

for each target.

Listed in the right two columns are the recorded

temperature difference, at which condensation occurred, and the
corresponding critical supersaturation for each target.
and 5 were coated with a very thin layer of oil.

Specimens 4

The oil was supplied

by Welch Scientific Company, and it is generally used in mechanical
vacuum pumps.

Specimen 7 was prepared by dipping a Plexiglas target

into molten wax and then draining off excess wax before it solidified.
One can see in table II that it required supersaturation as high
as 25% to initiate condensation on a hydrophobic surface.

Thus,

regarding the first objective of the present investigation, it can be
stated that the hydrophobic surfaces are condensed upon only under a
definite supersaturation, not under infinitesimal supersaturation.
B.

Comparison of Data
The data from table II is plotted in figure 7.

the flags represent the present data.

The circles with

The right and the left extremes

of the flags represent the advancing and the receding contact angles,
respectively; and the circles represent the average value of these
angles.

The vertical flags show the error limits on the supersatura-

tion as calculated in appendix D.
Before any comparison with other data is made, it is necessary
to point out that the critical supersaturation is, in general,
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Table I I.
Tc
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Experimental data for critical supersaturation

c
target

e, degree
advancing

1.

Decontaminated
glass

2.

receding

Th - Tc

sc

c

percentage

5

5

2.40

0.66

Glass after 9 hrs.
of exposure

10

10

4.53

1.55

3.

Glass after 1ong
exposure

20

15

8.42

4.2

4.

Plexiglas with
thin oil film

45

30

15.0

10.5

5.

Glass with thin
oil film

50

35

16.5

12.5

6.

Plexiglas (methyl
methacrylate)

90

70

23.8

23.0

7.

Wax coated on
Plexiglas

115

90

24.8

25.0
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dependent on the temperature at which the specimen surface is maintained.

This is evident from equation (2) which contains T on the

right side; also oLV is a function ofT.
1.

Comparison with Previous Data
The data of Koutsky et

~

[5] are shown in figure 7.

These were

obtained in the temperature range of 2 C to 25 C (approximately).
contact angles ranged from 15 to 115 degrees.

The

The critical super-

saturations of the present investigation are lower than those found
by Koutsky et

~·

The difference could have been due to overestimation

of supersaturation by these investigators as discussed earlier.
Isaka's data [9] is shown in figure 7.
case were maintained at -5 C.

The substrates for this

Therefore, the phenomenon studied was

ice nucleation from water vapor.

The contact angles of the substrates

ranged only from 50 to 100 degrees.

From the figure it is clear that

Sc found by Isaka was much lower than the present data.

This difference

may be a consequence of the temperature variation in her chamber, as
pointed out earlier.
2.

Comparison with Theory
The Volmer theory of heterogeneous nucleation has been discussed

earlier.

Effects of some parameters will now be considered.

In the

present investigation condensation occurred on a surface, the temperature of which was different for different critical supersaturation.
Thus, for comparison of the present data with the Volmer theory, it
is necessary to use the appropriate T and oLV in equation (2).

The

value of oLV is obtainable from a handbook [19] as a function of
temperature.

The results of this including temperature dependence in
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the Volmer theory are shown in figure 7 by curves a and a for two
1
2
different nucleation rates, J. Extreme values of J were chosen
(108 em -2 sec -1 and 1 em -2 sec -1 , res pee t i ve 1y) .
The present data has the same trend as that predicted by the
Volmer theory, that is, Sc increases with e. Thus, it can be concluded
that the present data agrees with the Volmer theory qualitatively.
Moreover, it is clear from figure 7 that there is a good quantitative
agreement between the data and the theory for contact angles smaller
than 20 degrees.

However, for larger values of contact angle Sc is

lower than the values predicted by the theory.
a.

Effect of Curvature

In curves a 1 and a 2 in figure 7, surface tension, aLV' was assumed
to be independent of curvature. However, aLV has been found to be
strongly dependent upon curvature by Tolman [20] and Ahn et
small radii.

~

[21] for

According to the later investigators, aLV for water can

be given by
=

where a

00

a /(1 + 5.9/r)
00

(6)

is the surface tension of a plane liquid surface and r is the

radius of curvature in Angstroms.

To include the effect of equation

(6) in the Volmer theory, Kelvin's equation is used:

(7)

which relates the critical radius of an embryo to the saturation
ratio [3].

Using equations (6) and (7), the following modified

34

relation was obtained:

(8)

Here r c is expressed in Angstrom unit. Other symbols have the same
meaning as in equation (2) and the unit for (0 /nLkT) is em.
00

Introducing the critical value of r from equation (8) in equation (6),
and then using this expression in equation (2), a relation between Sc
and 8 was obtained.

The values for 8 corresponding to Sc were then
found taking the value of J as 1 cm- 2sec- 1 .
Curve b in figure 7 illustrates the results.
that the effect of curvature is quite strong.

It can be seen

For example, for a

contact angle of 90 degrees, Sc reduces from a value of 98% (curve a )
2
to 55% when curvature effect is considered. It is interesting to note
that the inclusion of curvature effect brings the curve closer to the
present data.

This fact indicates that when appropriate values of the

parameters are used in equation (2), the Volmer theory may yield more
realistic quantitative results.

However, one should note that at high

supersaturation, for example at 55%, Kelvin's equation, i.e.
equation (7), indicates that the embryo radius can be as small as
15 A.

At this small a radius one anticipates that a macroscopic

theory, such as the Volmer theory, would no longer be accurate.

Thus,

the deviations between the data and the Volmer theory at high supersaturations might be anticipated.
b.

Line Tension Consideration
Gretz [22,23] and Evans and Lane [24] have incorporated line

tension in the nucleation theory.

In figure 1, the line tension, crt,
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would act along the circular periphery of the sessile drop.

For this

case the equilibrium equation would be
(9)

The third term on the right hand side of equation (9) is the line
tension term which is not considered in the Volmer theory.

As a

result of such line tension considerations, the critical free energy
is increased, and a relation parallel to equation (2) is obtained [22]:

~G

(10)

c

Using two conservatively estimated [24] values of at' and
incorporating the temperature and curvature effects, curves c 1 and c 2
(with at = 10 -6 and 1.5 x 10 -6 dyne, respectively) were obtained by
numerical means, namely the successive bisection method [25].
of J was 1 cm- 2sec- 1 • Both the curves are shown in figure 7.

The value
It can

be seen that the effect of line tension is always to increase the
critical supersaturation over the value given by the Volmer theory.
However, the effect of the line tension becomes small at higher contact
angles.
C.

Special Investigations

1.

Effect of Adsorption
Jiusto and Kocmond [6] among others hold the view that adsorption

of water vapor on a surface can make the surface wettable and thus
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negate the importance of the Volmer theory.

To test this contention,

specimens 3 and 6 were subjected to a supersaturation of 0.75 Sc for
about ten and twenty hours, respectively.

No condensation occurred on

the surfaces.
Since the time for adsorption can vary from 10- 6 second to more
9
than 10 seconds [26], it is difficult to rule out the nullifying
effect of a very slow adsorption process.

However, when atmospheric

applications are considered, it is realistic to study the adsorption
effect only in the life time of the natural nuclei in the atmosphere.
Twomey and Wojciechowski [27] have estimated the life time to be
approximately one to three days.

Since the exposure time in the

present investigation is of the order of the estimated life time, it
can be concluded that the naturally occurring insoluble nuclei are
not likely to become wettable by adsorption of water vapor.
2.

Effect of Surface Roughness

a.

Experimental Investigation
In the past, the effect of surface roughness on the nucleation

process has been explored only qualitatively.

Isaka [9] believed that

surface roughness caused the experimentally found values of Sc to be
less than those predicted by the Volmer theory.

In the present

investigation more of a quantitative study of the effects of roughness
has been made by experimental and analytical methods.
For the experimental study, two specimen surfaces were roughened
by the methods described below, and critical supersaturations on them
were then obtained.

Specimen 3 was sand blasted at a pressure of
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2.76 kg/cm
diameter.

2

for about 30 seconds using spherical beads of size 0.043 mm

The sand blasting operation chipped off tiny pieces of glass

at random from the glass surface and produced small pits all over the
surface. The number of such pits were found to be about 10 per mm 2 .
The specimen was then cleaned by the method described earlier, and this
was followed by 48 hours of exposure to the room air.

In the

experimental run, condensation occurred at 4% supersaturation on the
rough surface compared to 4.2% on the original smooth surface (see
table II).
Specimen 6 was roughened by a silicone carbide abrasive paper
. (supplied by Carborundum Company).

The standard grid size of the

abrasive was 220 {per inch basis), which amounts to a grain size of
about 0.10 to 0.12 mm.

The specimen surface was rubbed by the abrasive

paper in two perpendicular directions.

After cleaning in the usual

way, the specimen was introduced into the chamber.

Critical super-

saturation was found to be 21% compared to 23% for the smooth surface
(see table II).

Thus, in both the cases that were studied there was

reduction in Sc due to surface roughness; but the value of the
reduction was small.
b.

Analytical Investigation
The surface roughness is caused by the presence of dimples,

conical cavities, scratches, etc., on the surface.

Almost all of

these surface irregularities will, in general, have a concave bottom
rounding.

Thus nucleation on a rough surface amounts to nucleation

on the concave bottom rounding.

In this section an analysis to develop
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an expression for critical supersaturation in terms of the radius of
a concave surface and the contact angle will be presented.

The analysis

is similar to that of Fletcher [28], who analyzed nucleation on convex
rather than concave surfaces.
i.

Development
For simplicity, a spherical concave surface is considered.

Figure 8 illustrates a liquid embryo, L, of radius, r, on a concave
surface, C, of radius, R.

The liquid is in equilibrium with the vapor

phase, V, and makes a contact angle, e, with the solid.
The free energy of formation,

~G,

of the liquid embryo is given

by
(11)
where

~g

is the free energy of formation per unit volume of the liquid,

vL is the liquid volume, and a and A with appropriate subscripts
represent the interfacial surface energy and area, respectively.

The

following expressions for the areas and the volume were introduced
into equation (11):
ALV

=

ACL

=

vL

=

2
2nr (1 - cos~)
2
2nR (1 - cos~)
1 nr 3 (2 - 3cos~ + cos 3~) + 31 nR 3 (2 -

3

3cos~ +

cos 3~)

Using the Young and Dupre equation
(12)
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Liquid embryo, L, on a concave surface, C
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and then Kelvin's equation, i.e. equation (7), the critical value of
the free energy, !1Gc , was obtained from equation (11). From the
geometry of figure 8, it can be shown that the distance ON satisfies
the relations
ON

(R

2

+ r

2

+ 2Rrm)

cos¢

=

(R + r cos8)/0N

cos1jJ

=

(r + R cose)/ON

~2

(13)

Introduction of these equations in the expression for !1Gc and further
simplication resulted the following final expression:
3

L1 G

c

8noLV

= -_...;;;;;-=-

(14)

f ( m, x )

3(!1g)2

where

f(m,x)

(15)

X

= R/r c
2

q = (1 + x + 2mx)

~2

Equations (14) and (15) provide the desired expression for critical
supersaturation in the case of a concave surface.
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ii.

Calculations
The function f(m,x) in equation (15) is graphed against x for

various values of m in parts A and B of figure 9.

Corresponding to

a value of Sc' equation (14) gave a value of f(m,x).

The surface

energy, aLV' was considered to be curvature dependent, and J in
equation ( 3) was taken as 1 em -2 sec -1 . Corresponding to the obtained
value of f(m,x), a root (x) was found either by numerical means
(suitable for large f(m,x)) or from figure 9.

From the value of x the

radius of curvature, R, was obtained.
iii.

Discussions
The results of the calculations are illustrated in figure 10.

The

graphs in the figure show how the radius of curvature of the concave
surface influences critical supersaturation.
R, Sc is affected strongly.

At very low values of

However, such low values of R may not be

realistic in the surface roughness caused by mechanical processes such
as machining, polishing, sand blasting, etc.

Noting that a closely

packed solid such as iron has a bond length of about 2.5 A, and the
mean molecular distance between the oxygen molecules is about 30 A,
it is judged that R < 100 A is in the microscopic range.

Thus only the

range where R > 100 A is considered physically realistic for surface
roughness.
In the region R > 100 A all the curves illustrate that the concave
surfaces require less supersaturation to be condensed upon, compared to
the plane surfaces (where R ~ oo).

The experimental results, which are

reported in the previous section, support this behavior.

In the light
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X
Figure 9. A) Function f(m,x) for small x
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of these curves it is conceivable to have a reduction of 2% in s for
c

a rough Plexiglas surface which exhibits a contact angle of 90 degrees
(see figure 10).
One significant application of the above analysis concerns the
participation of insoluble particles in natural cloud formation.
McDonald [29] has found that in typical naturally occurring cloud
conditions, where supersaturation is about 1% or lower, only those
insol.uble particles that are composed of a substance whose contact
angle against water does not exceed 7 degrees can act as condensation
nuclei.

He noted further that data from surface chemistry indicates

that this e-limit separates air-borne particles into a small class of
active nucleating particles and a remaining broad class of non-active
ones.
In the analysis just concluded the surface roughness is found to
increase the e-limit for insoluble cloud nuclei to about 27.5 degrees
(considering R > 100 A region).

Thus, surface roughness tends to

broaden the class of active, insoluble, air-borne particulates.

Even

with the broadening however, very few insoluble particles are likely
to have a small enough contact angle to act as cloud nuclei.
D.

Relation of this Work and Dropwise Condensation
The process of condensation is important in many industrial

applications and in consumer products such as refrigeration and air
conditioning systems.

It has been found that when the condensed liquid

forms drops on the wall of a condenser the heat transfer and condensing
rate is considerably higher than when the condensed liquid forms a
continuous film [30] .
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During dropwise condensation, coalescence of drops follows the
process of nucleation.

Because of coalescence, an area of the

condenser surface previously covered by liquid is uncovered.
According to the measurements by Umur and Griffith [31] there is not
even a monolayer thickness of liquid on these newly exposed surfaces
of the condenser wall.

Since tiny water drops subsequently reappear

on these newly uncovered areas, the condensation process can be said
to be always at an embryo stage on these areas.

It has, however,

been observed that the new drops preferentially begin at pits and
scratches on the surface.

~1cCormick

and Hestwater [32] identified

particular scratches and pits on their condenser surface and found
that drops grew at each site.

Later each· drop coalesced with a

neighboring drop and receded across the surface to uncover the site.
Whenever each site was exposed to the vapor, it again nucleated a
drop.

Moreover, these investigators showed that most of these sites

could be deactivated by dry heat and vacuum.

This indicates that

these sites are active only when liquid is retained in them.
It can be said that even though most of the exposed area between
drops appears to be dry, there is retained liquid in tiny scratches
and pits in the surface.

Once there is already liquid in these pits,

no supersaturation is required for further condensation.

This has

been shown analytically by Turnbull [8] and by the experimental work
of Van der Hage [7].
The basic difference between a really dry surface and the exposed
areas during dropwise condensation explains the discrepency which
Griffith and Lee [33] posed as a paradox.

They pointed out that
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during their dropwise condensation experiment, nucleation was taking
place at subcoolings of 6 C; even though their condenser surfaces
(copper, zinc, stainless steel) had high contact angle with water.
They noted that Koutsky et al . [5] reported no nucleation at
subcooling of 4 C when the contact angle was 70 degrees.
In the present investigation and in the investigations of T\'Jomey
[4], Koutsky et al . [5], and Isaka [9], the surfaces v1ere initially
dry.

t1oreover, the analysis on surface roughness presented in this

thesis is for the case where there is no liquid whatsoever in the
bottom of the cavities before nucleation occurs.

In this case, the

analysis shows that the effect of the cavity is to reduce the critical
supersaturation only slightly below what it would be for a smooth
surface.
It can therefore be concluded that the present findings are in
accordance with those related to the nucleation process usually
investigated in connection with dropwise condensation.

It is to be

noted that the present investigation sheds no light on many of the
calculations which are usually performed concerning dropwise
condensation, such as drop growth rate and heat transfer rate.
Another difference between this experiment and the dropwise condensation experiments can be mentioned.

In the former most of the gas

in the chamber is air, which is noncondensable; whereas in the latter,
noncondensable gases are present in only very small quantities.
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V.

CONCLUSIONS

The experimental data obtained by using a satisfactorily
operating thermal diffusion chamber are believed to be reasonably
accurate and reliable.

The significant conclusions that can be drawn

from the present data and the associated analytical investigation are
the following:
1.

Condensation occurs on a hydrophobic surface only when supersaturation over the surface reaches a critical value.

2.

There exists a relation between the contact angle, which the
condensing liquid makes with the surface, and the critical supersaturation.

The bigger the contact angle, e, the higher is the

critical supersaturation, Sc . For example, when e = 20 degrees,
Sc = 4.2 %, and fore = 115 degress, Sc = 25 %. Thus the data
agrees qualitatively with the Volmer theory of heterogeneous
nucleation.
3.

Adsorption of water vapor does not nullify the Volmer theory.
More specifically, adsorption of water vapor does not reduce the
critical value of supersaturation during a period comparable to
the life time (1 to 3 days) of the natural nuclei in the
atmosphere.

4.

Experimental as well as analytical investigations showed that
surface roughness can cause only minor reduction in the critical
supersaturation.

5.

Finally, it can be inferred from the results of the present
investigation that only a small spectrum of the insoluble,
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suspended particles in the atmosphere participate in cloud
formation.

This is because even for the particles having rough

surfaces a very stringent surface property (8 < 27.5 degrees) is
required for activation in the naturally occurring supersaturation,
which is less than 1%.
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APPENDIX A
TEMPERATURE UNIFORMITY OF THE TARGET
The target, which provides the surface for condensation, remains
suspended in the midlevel of the chamber; therefore, it is subjected
to almost linear air temperature.

To know the temperature distribution

in the target, a fin-type analysis is presented here.
Considering the target shown in the inset of figure Al, and
following standard techniques of fin analysis [16], the governing
differential equation for the target temperature (Tt) is obtained as
2

~
dY 2

=

(Al)

4(Bio)e

where

Y = y/w
Bio

=

hw/2K

They coordinate is shown in the figure.

For simplicity the target

was considered square instead of circular.

Here Th and Tc are the

temperatures of the hot and the cold plates, H is the chamber height,
and K is the thermal conductivity of the target.
tion at the midlevel of the target is e(O)

=

0.

The boundary condiNeglecting convection

at the ends of the target, the following solution was found:
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Tt - Td
1_
---=y__w
__
T h - Tc
H
H /4 Bi o

sin[Y.. /4 Bio]
w

(A2)

cos[3 /4 Bio]

A graph of the above expression is shown in figure A1.
values of the parameters were:

H = 10 em, w

=

1 mm, Bio

~

The
0.0026.

Since in the present situation (Th - Tc) < 25 C, the temperatures of
the upper and lower edges of the target are different from the
midlevel temperature, Td, by less than 0.03 C.
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APPENDIX B
LAG IN TEMPERATURE AND PRESSURE OF THE WATER VAPOR
Supersaturation in the thermal diffusion chamber was increased
by raising the hot plate temperature, Th, at a rate of 0.15 C/minute.
The rise was continued in a cyclic manner.

Each cycle consisted of

raising Th for ten minutes (ti) then holding it at that level for the
next five minutes (ti 1 ). An analysis of the unsteady temperature,
pressure, and supersaturation due to this cycle will be given here.
Such problems with time-dependent boundary conditions have been
discussed by Carslaw and Jaeger [17].
1.

Temperature
The system under consideration is the moist air inside the

thermal diffusion chamber.

Since the side-wall temperature is almost

linear, the problem can be treated as one-dimensional .

Let the

height z be measured from the bottom surface of the chamber (see
part A of figure 2).

The top surface is at z

=

H.

To begin with,

the top and bottom surfaces are at the same temperature, Tc.
time progresses, i.e. when t

>

0, Th increases.

time-dependent boundary condition .
consider a step jump of temperature,

As

This introduces a

One way to handle this is to
~T,

and then to use Duhamel's

superposition integral for obtaining the final temperature
distribution.
For a step jump, the problem is described by the following
differential equation and boundary conditions:
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2u
au _ aaaz 2

ar-

(81)

U(O,t) = 0
U(l,t) = 6T
U(Z,O) =

0

U(Z,t) is finite.
Here U = T - Tc' Z = z/H, and a the thermal diffusivity of air.
Dividing the problem into steady and unsteady parts and then employing
separation of variable technique, the solution was obtained as
00

sin[nTIZ]exp[-n 2TI 2at/H 2]
U(Z,t) = 6TZ - 6T L\ (-l)n+l ~
nTI
n=l,2,3,···

(82)

Using Duhamel 1 s superposition integral and performing the
integration, the following final solutions were obtained:
a.

For

o<

t < t

1

,

dTh

T(Z,t)

=

Tc +

dT

oo

~ Zt - dth l (-l)n+l

3 32 H2
n=1,2,3,··· TI a/
n

(83)
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dTh
dT
T(Z,t) = Tc + ~ Z ti - dth

oo

L (-1)n+1

2

n=l,2,3,···

- exp{-n 2n 2at/H 2 }]

(B4)

In equations (B3) and (B4), the third terms on the right hand side
are the expressions for temperature lag.

Figure B1 illustrates the

variation of this lag at the midlevel of the chamber. Values of the
parameters were a= 0.219 cm 2sec- 1 , H = 10 em. It is to be noted in
the figure that the maximum lag is 0.071 C, and 99% of this value is
reached in the first three and a half minutes of period I, i.e. t 1 .
Similarly in period II it takes about the same time to reach 1% of
the maximum lag.

Thus, in the experiments conducted in the present

investigation, the lag created in one heating cycle was not carried
over to the next cycle.
2.

Pressure
The analysis for pressure lag is identical to that of the

temperature if the side wall is dry.

Even for wet walls, the pressure

at the center is not influenced significantly, since the ratio of
diameter to height of the chamber is large [13].

Appropriate

expressions for the pressure are thus obtained from equations (B3)
and (84) by replacing T, Th' Tc' a by p, ph' Pc' D, respectively.
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Here Ph and Pc are the equilibrium pressures corresponding to Th and
Tc, respectively.
0.259 cm 2sec- 1•
3.

Vapor diffusivity is denoted by D and its value is

Supersaturation
The unsteady supersaturation, Su, at the midlevel of the chamber

can now be given by
(B5)

Here p and Tare obtainable from equations (B3) and (B4).
p00 {T(~,t)}

expressions for equilibrium vapor pressure,
in literature [11].

The

is available

The maximum difference between the unsteady and

the steady supersaturations, i.e. Su-S, at the midlevel of the
chamber occurs at t

=

t 1.

Figure B2 illustrates the variation of this

difference with respect to (Th - Tc) and S.
for (Th - Tc)

=

20 C and S

=

13.8%, Su - S

small percentage of the steady value, S.

It is to be noted that
=

0.11%, which is only a

For 0

<

Th - Tc

there is supersaturation lag, which is again small.

<

13 C,
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APPENDIX C
TEMPERATURE LAG OF THE TARGET
From the analysis in appendix A, it is found that the target
temperature remains almost uniform and is given by the midlevel
temperature, Td.

Thus for simplicity in unsteady-state analysis, one

can assume that as the midlevel air temperature, Td' increases at
a maximum possible rate of 0.075 C/minute, the target tries to pick
up the time-dependent air temperature.
Bio

~

Since the target has

0.0026, it can be assumed to be a solid of infinite conductivity.

Following an analysis of Eckert and Drake [16], the maximum temperature
lag in the target from the surrounding air temperature is given by
(C1)

Here p, c, v, and A are the density, specific heat, volume, and area,
respectively for the target.

Heat transfer coefficient is denoted by

Using typical values of these parameters for a glass target, r 1
was calculated and found to be only 0.05 C. This lag introduces a
h.

supersaturation increase over the target.

For example, when

T - T = 20 C, i.e. when the steady-state supersaturation in the
h
c
midlevel of the chamber is 13.8%, the maximum increase of the water
vapor supersaturation caused by finite rate of rise of Th is 0.11%
from the steady value.

In addition to this, the supersaturation on

the target is higher from the water vapor supersaturation by 0.29% at
the midlevel.

This amounts to a total increment of 0.40% super-

saturation on the target from the steady-state value.

When
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Th- Tc

=

5 C, i.e. steady-state supersaturation is 1%, the maximum

lag of the water vapor supersaturation is 0.13%, and the supersaturation
on the target is higher from the water vapor supersaturation by 0.16%.
This produces a net increment of 0.03% in supersaturation on the target
from the steady value.
The differences caused by the temperature lag of the target are
evidently small.

Thus for all practical purposes the steady values of

supersaturation may be accepted.
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APPENDIX D
ERROR ANALYSIS
Error Due to Temperature Measurement

1.

The main advantage of the thermal diffusion chamber is that
supersaturation produced is not as sensitive to accurate temperature
control as for chambers such as that used by Koutsky et al

[5], in

which a target is kept at a temperature slightly below the temperature
of a vapor source.

To illustrate this, note from table II that a

supersaturation of 0.66% is produced with Th - Tc
thermal diffusion chamber.

=

2.40 C in the

Since 0.66% supersaturation corresponds

to a subcooling of only 0.1 C below the dew point, a Koutsky type
chamber requires about 24 times more accuracy in temperature control
than does the thermal diffusion chamber.
The supersaturation, Sa, on the target was calculated using
equation (5).

Possible deviations from this expression for Sa due to

various causes will be discussed below.

But now consider how errors

in measurement ofT c and 6T (i.e. T1l - Tc ) will influence the supersaturation, Sa. If the true value is denoted by st, then the error
oS

a

=

s

a

- St can be expressed as
osa

=

as
as a
o6T
oTc + <a6~)
<ar)
T
c 6T
c

( D1)

where eTc and 86T are errors in Tc and 6T, \'lith the same sign
convention as for oSa.

Now Tc was measured by a mercury in glass

total immersion thermometer (CENCO 19330-4); which v1as immersed in
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the cold water bath.

This thermometer was a precision thermometer

having 0.1 C divisions.

Calibration at the ice point and steam point

gave readings of 0.1 C and 99.6 C, respectively.

Since changes in

bulb volume rather than bore nonuniformity represent the largest
error in these thermometers [34], the ice point and the steam point
calibrations indicate that maximum error in the reading of Tc can be
conservatively estimated to be

±

The temperature difference,

0.5 C.
~T,

between the hot plate and cold

plate was measured with four copper-constantan thermocouples imbedded
in each plate.

The emf from the thermocouples on each plate were

always within 1% of being equal, which indicates that each plate was
highly isothermal, and that each thermocouple had nearly the same
calibration.
To check this calibration, a thermocouple was placed in one
water bath and the reference thermocouple from the cold plate was
placed in another.

The temperature of each bath was measured with

the above described mercury in glass thermometer.

The temperature

difference between the plates \>Jas varied between 2 C and 21 C.

The

results were that the temperature difference indicated by the
thermo coup 1 e \'las a 1ways between 6% 1ower to 2% higher than the
temperature difference indicated by the mercury in glass thermometer.
Thus oTc =

±

.5 C and

o~T

=

±

.06

~Tare

Then with the help of figure 3 to find (as

a

used in equation (01).

/a~T)T

equilibrium vapor pressure data [11] to find

and using

c
(aSa/aTc)~T'

the maximum

relative error. s 1 (=(Sa-St)/Sa), was calculated. The value of s 1 was
found to vary from 0.094 to 0.115 as ~T varied from 2.40 C to 24.8 C.
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2.

Error Due to Nonuniformity of Target Temperature
In equation (5) the target is assumed isothermal.

However,

appendix A shows that the temperature at the upper edge is 0.00087
above that at the center of the target.

~T

This effect causes the true

supersaturation, St to be somewhat lower than S given by equation (5).
a

2 , was found to have values 0.015 and 0.005 at
of 2.40 C and 24.8 C, respectively.

The relative error,
~T

3.

E

Error Due to Finite Rate of Rise of Th
The lag in air temperature, vapor pressure, and target temperature

resulting from a finite rate of rise of Th is discussed in appendices
B and C.

The relative error,

3 , in Sa due to this effect was
calculated and found to vary from -0.016 to -0.030 as ~T varied from
E

2.40 C to 24.8 C.
4.

Error Due to Variable Properties
Equation (5) does not incorporate the temperature dependence of

air thermal conductivity or water vapor diffusivity.

Fitzgerald [12]

has analyzed the correction factor due to these effects.
indicate a relative error,

His results

4 , in Sa to be -0.03 in the range of
operation of this investigation.
5.

E

Error Due to Conduction Along Suspension Wire
The target was suspended midway between the plates on a 0.25 mm

diameter wire.

The wire temperature at the chamber side wall was

within 0.2 C of the midlevel air temperature.

Thus, to investigate

the possibility that heat conduction along the wire could change the
target temperature, the analysis [16] for a long fin is utilized.
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This analysis indicates that the wire temperature near the target is
within 5.84 x 10- 4 C of the air temperature. Thus, the target
temperature and hence Sa remain almost unaffected by conduction along
the wire.
6.

Error Due to Illumination of Target
As discussed in the description of the apparatus, the temperature

rise of the target due to illumination by the laser beam was measured
with the target thermocouple and was found to be 0.025 C.

This

6 , in Sa. At 6T = 2.40 the value of E 6
is 0.32, which is the largest error found so far. For 6T = 24.8 C
causes the relative error,

the value of
7.

E

6 is 0.005.
Accumulated Error
E

The accumulated error,

E,

due to various factors already discussed

is given by
(02)
It is to be noted that
is a random error.

, the error due to temperature measurements,
1
Other errors in equation (02) are systematic, and
E

when added together, those having opposite sign tend to cancel.
Equation (02) yields the following values:
For 6T

= 02.4 C,

For 6T

=

24.8 C,

E

= + 0.290

±

0.094

0.050

±

0.115

E--

The biggest relative error, +0.290, is caused mainly by target
heating.

This error, however, reduces rapidly at higher values of
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6T.

In addition to the two values of s shown above, the errors for

the rest of the data points were calculated.
figure 7 show the error limits.

The vertical flags in

The systematic error is found to

dominate in the data points 1 to 3 and random error is significant in
6

and 7.

